We report here oscillator strengths, transition rates, branching ratios and lifetimes due to allowed transitions in potassium (K) atom. We evaluate electric dipole (E1) amplitudes using an all order relativistic many-body perturbation method. The obtained results are compared with previously available experimental and theoretical studies. Using the E1 matrix elements mentioned above and estimated from the lifetimes of the 4P states, we determine precise values of static and dynamic polarizabilities for the first five low-lying states in the considered atom. The static polarizabilities of the ground and 4P states in the present work are more precise than the available measurements in these states. Only the present work employs relativistic theory to evaluate polarizabilities in the 3D states for which no experimental results are known to compare with. We also reexamine "magic wavelengths" for the 4P 1/2 → 4S and 4P 3/2 → 4S transitions due to the linearly polarized light which are useful to perform state-insensitive trapping of K atoms.
Potassium (K) atom is one of the suitable alkali atoms whose two stable isotopes are fermions and one of them is boson that makes it a special system for cold atom studies [1, 2] . Studies of its transition properties are very useful in manipulating trapping and cooling of this atom [3] [4] [5] . Especially to find out its "magic wavelengths" at which the differential Stark shifts of a transition become zero [6] , accurate knowledge of transition properties are necessary [7, 8] . Sophisticated experiments are generally performed to measure these magic wavelengths [9, 10] , however they can also be determined precisely by evaluating differential polarizabilities using accurate relativistic many-body methods [7, 8] . In fact, K atom is an one valence electron system, whose properties can be evaluated precisely that can ultimately act as benchmark tests for the experimental results. Also, a suitable trapping technique of alkali atoms is very much useful in various fields like in the atomic clock, quantum computing, quantum information etc. experiments. In an optical lattice atomic clock experiment, the atoms are trapped by a periodic potential formed by the applied laser beam [11, 12] for which the trapped atoms interact with the oscillating electric field of the trapping beam that causes the shift in the energy levels inside the atoms. But in order to achieve maximum stability of an atomic clock, it is very crucial to tune the laser beam at a particular wavelength such that there will be no effects to the internal clock transition frequency [6, 10, 12] . These effects can be estimated by estimating dynamic polarizabilities of the atomic states [6-8, 10, 12] .
Accurate values of transition properties in K are also * Email: dillip@prl.res.in † Email: bijaya@prl.res.in useful in the astrophysical studies [13] [14] [15] . K is produced in massive stars after oxygen burning and its isotopes abundances are analyzed in 58 metal-poor stars. In these analysis, theoretical estimate of ratios of abundances of [K/Fe] with [Fe/H] during the chemical evolution of Galaxy are compared with the observations [16] . There are also various astrophysical objects such as L dwarfs, T dwarfs and irradiated giant planets whose spectra are dominated by absorption lines of many alkali atoms [17] [18] [19] [20] . Many telescopes operating at various wavelengths from ultraviolet (UV) to infrared (IR) range are used to study various spectral properties of astronomical objects, but these IR telescopes require information about detailed spectroscopic data of atomic systems such as oscillator strengths, transition probabilities etc. [21] [22] [23] . Also, identification of new IR lines will be useful in understanding equilibrium temperature, gravity and abundance for many ultra-cool dwarf stars as well as extra solar giant planets in our Galaxy [24] . Therefore it is always very useful to have enough atomic information on new IR atomic lines based on high precision relativistic calculations, so that they can be used in the analysis of spectral measurements generally carried out by sophisticated IR telescopes.
In this paper, we evaluate electric dipole (E1) matrix elements and determine oscillator strengths, transition probabilities, branching ratios, lifetimes and polarizabilities of many states of K atom. Furthermore, we determine the magic wavelengths due to the linearly polarized light for the 4P 1/2 → 4S and 4P 3/2 → 4S transitions and compare them with the available results.
The rest of the paper is organized as follows: in Sections II and III, we give the theories of transition probability due to allowed transition and linear Stark shift and describe briefly about the method of calculation. In the next section, we present the results and discuss about them. Unless stated otherwise, we use atomic unit (a.u.) for all the physical properties through out the paper.
II. THEORY AND METHOD OF CALCULATIONS
A. Allowed radiative properties
The transition probability (in s −1 ) due to E1 matrix element from atomic state |Ψ k to |Ψ i is given by
where
is the line strength, λ ki is the wavelength (in cm −1 ) and g k = 2J k + 1 is the degeneracy factor for angular momentum J k of the state |Ψ k .
The relative intensities of radiative transitions are generally estimated by their oscillator strengths that for an allowed transition is given by
which again for the emission and absorption lines are related as
The lifetime of the |Ψ k state due to the allowed transitions (transition probabilities via other multi-poles are neglected for the considered states in the present atom) is estimated by
for all the allowed states |Ψ l from |Ψ k . Magic wavelengths of a transition can be determined by evaluating Stark shifts for both the associated states and finding out ω values where the shifts are equal for these states. Owing to the fact that these effects are directly proportional to the differential polarizabilities of the associated states, magic wavelengths are finally correspond to finding values of ω that produces null differential dynamic polarizabilities of the transition.
C. Method of calculations
In the coupled-cluster ansatz, we express the atomic states with a closed core and one valence orbital as
where initial state is constructed as |Φ k = a † k |Φ 0 with |Φ 0 is the mean-field wave function for the closed core obtained by Dirac-Hartree-Fock (DHF) method and a † k represents appending the valence orbital denoted by k.
Here T and S k are the excitation operators that account correlation effects to all orders by exciting electrons from core orbitals and valence along with core orbitals from the corresponding DHF states, respectively. In the present calculations, only singly and doubly excited configurations are generated using both the T and S k operators in the CCSD method framework; also, important correlation effects involving valence electron are accounted through the S k operator perturbatively in the CCSD(T) method approximation. Discussions on these approaches can be found more elaborately in [25] . The details of single particle construction and active space for the calculation of atomic wave functions for the considered atom are described in our previous work [26] . Following the approach given in [27] , we evaluate polarizabilities of the considered states in K atom by expressing different contributions as where superscript λ with values 0 and 1 correspond to the scalar and tensor polarizabilities, respectively, and notations c, vc and v in the parentheses represent correlation contributions from core, core-valence and valence orbitals, respectively. It has to be noted that the core contribution to the tensor polarizability is zero.
III. RESULTS AND DISCUSSION
We present below first the electron attachment energies (EAs) of valence electrons from the states having different valence orbitals with the closed core [3p 6 ]. Then we present E1 matrix elements and using them with the experimental energies, we determine transition probabilities and other related transition properties. Also, we evaluate α λ k (v) for various states from these E1 matrix elements and experimental energies. Other α λ k (c) and α λ k (vc) contributions to α k , which are found to be smaller in magnitudes compared to α λ k (v), are evaluated using a third order many-body perturbation theory (MBPT(3) method) following similar approaches as employed in [29] [30] [31] . Using the dynamic polarizabilities, we verify the "magic wavelengths" in the 4P 1/2 → 4S and 4P 3/2 → 4S transitions and compare them with previously reported values. In Table I , we present EAs corresponding to many states using our DHF, CCSD and CCSD(T) methods and they are compared with the corresponding values given by National Institute of Science and Technology (NIST) [28] . We consider results obtained from the CCSD(T) method are the final calculated results. In the above table, we also present differences between results from the CCSD(T) method and quoted by NIST in percentage as ∆. As seen in the table, all the calculated results are subone percent accurate. Among all other states, results of the D states have large differences with the NIST values. Also, there are large differences between the results obtained using DHF and CCSD(T) methods which indicate the amount of correlation effects involved to determine them. The differences between the results obtained from the CCSD and CCSD(T) methods are small implying contributions from the triple excitations are not very much significant in these calculations. Although the calculated EAs seem to be promising for their subone percent accuracies, but we consider the experimental energies wherever required to determine other physical properties in order to minimize uncertainties in the estimated results. We present E1 matrix elements from the DHF and CCSD(T) methods along with their line strengths from latter in Table II . We estimate uncertainties associated with the calculations using the CCSD(T) method as both DHF and CCSD methods are just part of this approach. To estimate net uncertainty of an E1 matrix element, we take into account incompleteness of basis functions and differences in the results obtained using the CCSD and CCSD(T) methods to estimate uncertainty due to the approximation in the level of excitations. We also find that the correlation contributions, estimated as the differences between the results obtained using the DHF and CCSD(T) methods, are significant in almost all the transitions.
It is not always possible to obtain precise values of either E1 matrix elements or transition strengths from the measured lifetimes due to association of many transition probabilities with these quantities. However, the 4P states are the first two excited states which decay to the ground state only via one allowed transition each. There are precise measurements of lifetimes of these states are available in K atom. The lifetime of the 4P 1/2 state is reported to be 26.69(5) ns [44] . By combining this result with the experimental value of wavelength λ = 7701.1 A[28] of the 4P 1/2 → 4S transition, we find the E1 matrix element of the 4P 1/2 → 4S transition to be 4.110 (5) a.u. against our calculated result 4.131 (20) a.u. Similarly, the lifetime of the 4P 3/2 state is measured to be 26.34(5) ns [44] . This state has an allowed transition channel to the ground state and it can also decay to the first excited 4P 1/2 state via both the electric quadrupole (E2) and magnetic dipole (M1) channels. It is found from our analysis that the transition probabilities of an electron due to the above forbidden channels from the 4P 3/2 state are very small and can be neglected within our estimated uncertainties. Therefore combining the measured lifetime of the 4P 3/2 state with the experimental value of the 4P 3/2 → 4S transition wavelength λ = 7667.0Å, we [43] obtain E1 matrix element of the 4P 3/2 → 4S transition as 5.812(6) a.u. Although our calculated results from the CCSD(T) method are in agreement with the extracted values from the experimental lifetimes of the 4P states, however we consider below the precise values obtained from the measurements to evaluate polarizabilities. For the astrophysical interest, we also evaluate transition probabilities, oscillator strengths for emission lines and branching ratios taking all possible allowed transi- [33] tions among the considered states in K atom using the above E1 matrix elements and tabulated wavelengths in NIST [28] . These values are given in Table III . Four decade ago, Anderson and Ziltis had carried out calculations of these quantities using a Coulomb approximation in the non-relativistic method [49] . Safronova and Safronova have also reported few of these quantities using a linearized approximation to the CCSD method (SD method) [33] . In a recent paper, Civiš et al have used a quantum defect theory to evaluate these quantities in many transitions which are of particular astrophysical interest and compared with the estimated results from various measurements and observations [32] including those are given in [49] . In the above table, we compare our results along with the values reported in [32, 33] . As seen in the table, all the results are in fair agreement among each other. Many of these results related to the 6D states were not known previously to compare with the present estimation. We also give branching ratios explicitly of individual allowed transition in the same table by considering into account all possible allowed transitions and neglecting transition probabilities due to the forbidden transitions.
C. Lifetimes of few excited states
As mentioned above, the lifetimes of the 4P states in K atom are measured precisely by Wang et al [44] . However, these quantities are not measured for some of the low-lying states. In fact, many measured values available [33] , 602(11) [7] , 697.4 [51] for the states other than the 4P states are not very precise. Using our calculated transition probabilities given in Table III , we determine lifetimes of all the considered states except for the 4P states. These results are given in Table IV and compared with other theoretical and experimental data in the same table. We have also estimated uncertainties to our estimated lifetime values from the reported error bars of E1 matrix elements. Most of our results are within the error bars of the experimental values. It can be seen in the above table that the present values of lifetimes of many low-lying states match well with the other theoretical results given in [33] and differ from another calculated results reported in [34] ; but our results for some of the higher states match better with the values given in [34] than the results given in [33] . Lifetimes of the 5G states were not found elsewhere to compare with our results.
D. Static dipole polarizabilities (ω = 0)
We evaluate static dipole polarizabilities of the ground, 4P and 3D states in K atom using the reported E1 matrix elements and experimental energies of the most important intermediate states. These results are reported in Tables V to IX along with individual contributions  explicitly from various intermediate states and compare them with other available experimental and calculations using both non-relativistic and relativistic methods. As has been stated earlier, the core and core-valence correlation contributions are estimated using the MBPT(3) method. Since these contributions are relatively smaller than the valence correlation contribution, the accuracies of the final results are uninfluenced by these results. In fact, we also give estimated uncertainties to these results by comparing E1 matrix elements obtained using this method with the CCSD(T) method. It can be noticed from these result tables that only few studies are carried out on polarizabilities in K. Also, the experimental results from the direct measurements are not available precisely in any of the considered states. Recently, there is a result on the ground state polarizability in K has been reported by combining the measured ground state polarizability of sodium (Na) atom with the ratio of these quantities between K and Na and reported as 290.58(1.42) a.u. [47] . Similarly, the differential polarizability of the 4P 1/2 → 4S transition has been measured to be 317.11(4) a.u. [54] . By combining this result with the above ground state value, we refer the experimental value of the 4P 1/2 state polarizability as 607.69(2.97) a.u. which seem to be in excellent agreement with our calculated result. Other previous calculations reporting this value in [7, 12, 33, 51] are based on methods using lower approximations than the present work. There are no experimental results in the 3D states available to compare the corresponding results with our calculations. However, a calculation in the non-relativistic method using a pseudo-potential is reported on both the scalar and tensor polarizabilities of the 3D states [55] . These values are also given in Tables VIII and IX , which also seem to be fairly agreement with our calculations. 
E. Reexamination of magic wavelengths
Since our reported static polarizabilities for the ground and 4P states seem to be more accurate than the results reported in [7] , we intend here to further study the dynamic polarizabilities and estimate the magic wavelengths in the 4P 1/2 → 4S and 4P 3/2 → 4S transitions (2) to compare them with the values given in [7] . In Fig.  1 , we plot the dynamic polarizabilities of both the 4S and 4P 1/2 states and look for the intersections outside the resonance lines. From this plot, we give the magic wavelengths corresponding to the intersection points of polarizabilities from both the states. The polarizability values and magic wavelengths around different resonance lines for the 4P 1/2 → 4S transition are given in Table X . From the analysis of the above plot, we compare our results with the ones given in [7] . We also find same number of magic wavelengths as in [7] , but the corresponding values are further fine-tuned in this work due to more accurate values of the polarizabilities. We also find similar results for the 4P 3/2 → 4S transition and they are given in Table XI . As pointed out in [7] and also found in the present work, there is only one magic wavelength found for the M J = 3/2 sublevel of the 4P 3/2 state. It has to be noted that for the linearly polarized light, the Stark shift of an energy level is independent of the sign of the M J value. However, this shift depends on the sign of the M J value in the circularly polarized light due to the presence of the vector component of the polarizability. It is found in our another recent study in rubidium (Rb) atom [8] that it is possible to obtain more number of magic wavelengths using the circularly polarized light than the linearly polarized light and we also anticipate for similar results in the 4P 3/2 → 4S transition in K using the circularly polarized light.
IV. CONCLUSION
We have studied electron attachment energies, electric dipole matrix elements, oscillator strengths, lifetimes and dipole polarizabilities in potassium atom. Some of the reported results are improved significantly than the previously known results. We affirm the reported magic wavelengths in the considered atom using the dynamic polarizabilities. Our oscillator strength results will be very useful in the astrophysical studies and other improved results will be very helpful in guiding the future experiments.
